Dynamic nuclear polarization of 13 C-labeled cell substrates has been shown to massively increase their sensitivity to detection in NMR experiments. The sensitivity gain is sufficiently large that if these polarized molecules are injected intravenously, their spatial distribution and subsequent conversion into other cell metabolites can be imaged. We have used this method to image the conversion of fumarate to malate in a murine lymphoma tumor in vivo after i.v. injection of hyperpolarized [1,4-13 C2]fumarate. In isolated lymphoma cells, the rate of labeled malate production was unaffected by coadministration of succinate, which competes with fumarate for transport into the cell. There was, however, a correlation with the percentage of cells that had lost plasma membrane integrity, suggesting that the production of labeled malate from fumarate is a sensitive marker of cellular necrosis. Twenty-four hours after treating implanted lymphoma tumors with etoposide, at which point there were significant levels of tumor cell necrosis, there was a 2.4-fold increase in hyperpolarized [1,4-13 C2]malate production compared with the untreated tumors. Therefore, the formation of hyperpolarized 13 C-labeled malate from [1,4-13 C2]fumarate appears to be a sensitive marker of tumor cell death in vivo and could be used to detect the early response of tumors to treatment. Given that fumarate is an endogenous molecule, this technique has the potential to be used clinically. magnetic resonance imaging ͉ spectroscopy ͉ metabolism ͉ cell death ͉ lymphoma
T
he discovery of imaging biomarkers that are early indicators of long-term treatment response in cancer should improve patient mortality and accelerate the development of new drugs. Treatment response has traditionally been assessed by measuring changes in tumor size (1); increasingly, functional and molecular information is also being used to assess treatment response as these parameters often respond earlier than size measurements alone (2) . For example, uptake of the glucose analog 18 F-labeled 2-fluoro-2-deoxy-D-glucose (FDG) can be imaged noninvasively by PET and is now used as a marker of disease progression for some clinical indications (1) . However, not all tumors demonstrate avid FDG uptake; therefore, the development of new biomarkers for detecting treatment response is required.
Treatment response has been detected by imaging apoptosis (2), but it is becoming clear that cancer cells also die by nonapoptotic mechanisms, such as necrosis, and that this necrosis is a more controlled phenomenon than was thought (3, 4) . Moreover, there is some indirect evidence that necrosis may play a role in tumor development (5) . Although diffusion-weighted MRI appears to detect the loss of cellularity, which is the end result of extensive cellular necrosis (6) , there is currently no method for specifically imaging early necrosis in vivo (4) .
MR spectroscopy (MRS) has been used to investigate the biochemical changes associated with disease, but a major limitation has been its very low sensitivity (7) . Dynamic nuclear polarization (DNP) can increase the polarization of nuclear spins by Ͼ10,000-fold, and recently it has been applied to 13 C-labeled molecules in solution (8) . The increase in polarization is sufficient to allow the spatial distribution of a hyperpolarized 13 Clabeled molecule to be imaged after its i.v. injection and the metabolites formed from it. The technique has been used to image the metabolism of several molecules in tumors (9) (10) (11) (12) (13) . We have shown that the decreased flux of hyperpolarized 13 C label between pyruvate and lactate, in the reaction catalyzed by lactate dehydrogenase (LDH), is an early treatment response marker in murine lymphoma (10, 14) .
Fumarate, a tricarboxylic acid cycle intermediate, is hydrated to produce malate in the reaction catalyzed by fumarase (or fumarate hydratase, EC 4.2.1.2). Fumarate has been hyperpolarized by using DNP, and its metabolism to malate has been observed in vivo in skeletal muscle and tumors.* We show here that malate production from fumarate is increased in treated lymphoma cells and tumors and that this increase is caused by tumor cell necrosis. We propose that hyperpolarized [1,4-13 C 2 ]fumarate could be used in the clinic to detect early tumor response to treatment and other pathological states in which cell death plays a role, such as toxic insults or ischemia. difficult to determine whether succinate had an effect in these cell preparations.
The [1,4-13 C 2 ]fumarate and [1,4-13 C 2 ]malate peak intensities were fitted to a two-site exchange model (10) to obtain a rate constant describing flux of hyperpolarized 13 C label between fumarate and malate:
where k F is the apparent rate constant for the conversion of fumarate to malate and k M is the apparent rate constant for the reverse reaction. The decay of the hyperpolarized signal from fumarate and malate is described by the time constants T F and T M , respectively. This model is described in further detail in Materials and Methods.
Because of the relatively large number of variables, some of these parameters were fixed to reduce errors in the fitting. For example, in one variant of the model, it was assumed that k M ϭ 0 because initially there was much more fumarate present than malate; consequently only k F , T F , and T M were derived. Using this approach, T F was calculated to be 24.1 Ϯ 2.1 s (Ϯ SD, n ϭ 18) and T M was 18.4 Ϯ 7.0 s (n ϭ 12, P Ͻ 0.01). For T M , the data were also fitted by assuming that T F ϭ T M , which gave values for T F (and hence T M ) of 23.9 Ϯ 2.0 s. Using the latter approach, the rate constant k F was 19 times higher in the etoposide-treated cells (0.056 Ϯ 0.053 ϫ 10 Ϫ10 s Ϫ1 ⅐cell Ϫ1 , n ϭ 3) as compared with the untreated cells (0.003 Ϯ 0.002 ϫ 10 Ϫ10 s Ϫ1 ⅐cell Ϫ1 , n ϭ 3, P Ͻ 0.01). In lysed cells the rate of label flux between fumarate and malate was 62 times higher than in the untreated group (0.177 Ϯ 0.017 ϫ 10 Ϫ10 s Ϫ1 cell Ϫ1 , n ϭ 3, P Ͻ 0.01). These results for k F were similar to those obtained by assuming that k M ϭ 0 (and fitting T M and T F separately). There was no significant difference in the flux rates obtained after the addition of succinate (see Fig.  2 A), regardless of whether k F was fitted by assuming k M ϭ 0 or not.
Cell necrosis was measured at the end of these flux determinations from the number of cells permeable to trypan blue. Trypan blue uptake increased sequentially in control cells (n ϭ 3), cells treated with etoposide for 14 h (n ϭ 2), cells treated with etoposide for 16 h (n ϭ 3), and lysed cell samples (n ϭ 3). There was a good correlation between the rate of malate production and the level of necrosis (R 2 ϭ 0.89; Fig. 2B ). Fig. 3A ) and treated (n ϭ 5, 24 Ϯ 2 h after etoposide administration; Fig. 3B ) EL-4 tumors; three of the treated mice had also been used to acquire control spectra the previous day.
The maximum malate signal was seen later in the controls (33 Ϯ 4 s after fumarate injection) compared with the treated animals (27 Ϯ 2 s; P Ͻ 0.01; Fig. 3C ). When normalized to the maximum fumarate signal, the maximum malate signal was 59% higher in the treated (0.23 Ϯ 0.04) compared with the untreated tumors (0.15 Ϯ 0.04, P Ͻ 0.01). Plots of the normalized fumarate signal over time showed that this signal peaked at approximately the same time in treated and untreated tumors but that there was a more rapid signal decline in the treated group (Fig. 3D) .
The data obtained in vivo were also fitted to a kinetic model, as described in Materials and Methods, and the average fitted curves are shown superimposed over the data in Fig. 3 C and D. Again, to reduce the number of variables, T M was assumed to be equal to T F . Using this model, there was no significant difference in T F (and hence T M ) between the treated (36.7 Ϯ 3.3 s) and the untreated (40.1 Ϯ 2.7 s) animals (n ϭ 5, P ϭ 0.11). The difference between these values and those obtained in vitro can be explained by the different field strengths used for these experiments (2.35 vs. 9.4 T). The rate constant k F was 0.007 Ϯ 0.002 s Ϫ1 in untreated tumors and this constant increased by a factor of 2.4 to 0.018 Ϯ 0.004 s Ϫ1 in drug-treated tumors (n ϭ 5, P Ͻ 0.001). There was a similar 2.5-fold increase in the reverse rate constant (k M ) in the treated group (0.018 Ϯ 0.005 s Ϫ1 ) compared with the controls (0.007 Ϯ 0.006 s Ϫ1 , P Ͻ 0.05). The similarity of the relative changes in the forward and reverse rate constants is consistent with an increase in the concentration of fumarase available to its substrates. There was no difference in the calculated rate of flow of hyperpolarized fumarate into the tumor (k B ; see Materials and Methods), between the treated (0.27 Ϯ 0.14 s Ϫ1 ) and the untreated groups (0.19 Ϯ 0.05 s Ϫ1 , P ϭ 0.23). Even if all of the variables were fitted independently, a similar 2.3-fold increase in k F was seen after drug treatment (P Ͻ 0.001). 13 C chemical shift images (CSIs) acquired at Ϸ30 s after the injection of hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]fumarate showed that the fumarate could be observed throughout the animals but that the hyperpolarized malate signal was predominately within the tumors (Fig. 4 ). After treatment, there was a large increase in the malate signal, and to some extent it extended beyond the anatomical boundary of the tumor, as defined by the 1 H MR image.
In separate experiments at 9.4 T, it was demonstrated that only Ϸ2% of the total hyperpolarized 13 C signal was seen as malate outside of the tumor. The average malate/fumarate ratios obtained by placing the surface coil over the liver rather than the tumor were 0.020 Ϯ 0.019 (n ϭ 3, tumor-bearing animals pretreatment), 0.020 Ϯ 0.017 (n ϭ 3, tumor-bearing animals 24 h posttreatment; 0.022 Ϯ 0.016 (n ϭ 3, control animals pretreatment), and 0.017 Ϯ 0.007 (n ϭ 2, control animals 24 h posttreatment). There was no significant difference between these groups (P Ͼ 0.66), confirming that the majority of the malate signal measured by the surface coil over the tumor arises from within the tumor rather than being washed in from another organ, such as the liver. 1 H image, which demonstrate the spatial distribution of the total hyperpolarized 13 C malate and 13 C fumarate signals. The color scale indicates the relative signal intensity compared with the maximum intensity in each image. To reduce the effects of noise, voxels with signal intensities Յ20% of the maximum signal intensity were removed from the image. Although the images have been scaled to their respective maxima, the maximum malate signal intensity in each experiment is Ϸ10 -25% of the maximum fumarate signal.
Enzyme Activities in Tissue Extracts. There was significantly lower fumarase activity in treated tumors (277 Ϯ 18 unit/g protein, n ϭ 6) as compared with controls (319 Ϯ 30 unit/g protein, n ϭ 5, P ϭ 0.02). The fumarase activity in muscle (taken from control animals) was 312 Ϯ 35 unit/g protein (n ϭ 4). There was also significantly lower malate dehydrogenase (MDH) activity in treated tumors (227 Ϯ 32 units/g protein, n ϭ 6) as compared with controls (274 Ϯ 20 units/g protein, n ϭ 5, P ϭ 0.02) and both were significantly lower than muscle MDH activity (340 Ϯ 38 units/g protein, n ϭ 4, P Ͻ 0.01 in both cases).
Discussion
The introduction of new drugs and the tailoring of these treatments to individual patients, often termed personalized medicine, has led to the need for early, sensitive, and specific biomarkers of treatment response that are good predictors of final outcome (2) . FDG-PET has proved useful for monitoring treatment response in many tumor types (21) (22) (23) (24) (25) . However, it involves a significant dose of ionizing radiation and is of limited value in some tumor types such as prostate cancer (26) . Consequently, there is a need for alternative imaging techniques to assess treatment response. One such method is dissolution DNP, which has been used in conjunction with MRI to noninvasively image carbon metabolism in living systems (12, 13, 27) . Importantly, this technique does not involve ionizing radiation and exploits endogenous molecules, some of which are already injected into humans. The first example of DNP as an early treatment response biomarker was in the murine lymphoma tumor model used in this study (10) . Flux of hyperpolarized 13 C label between [1-13 C]pyruvate and [1-
13 C]lactate, in the reaction catalyzed by LDH, showed an early decrease in rate after drug treatment. Subsequent studies have shown that decreased label flux between pyruvate and lactate may be seen after therapy in other tumors, such as mouse models of breast and prostate cancer (28, 29) . In the transgenic adenocarcinoma of mouse prostate cancer model, the pretreatment lactate/pyruvate ratio was a predictor of treatment outcome (28); furthermore, pyruvate-lactate flux is a potential marker of prostate tumor progression with levels of hyperpolarized lactate increasing with tumor grade (9) .
Although measurements of hyperpolarized 13 C label flux between pyruvate and lactate have been used successfully to detect tumor treatment response, the technique relies on negative contrast, i.e., a decrease in the level of labeled lactate after treatment. A technique that results in increased formation of a labeled molecule after treatment could be more sensitive, particularly if there was a low level of signal before treatment. Furthermore, a technique that gives positive contrast is less likely to be confounded by changes in tissue perfusion; for example, in the polarized pyruvate experiment, a decrease in tissue perfusion may produce a decrease in the rate of labeled lactate formation, which could be misinterpreted as a positive response of the tumor cells to treatment.
We have shown here that after injection of hyperpolarized [1,4-13 C 2 ]fumarate into tumor cell suspensions and tumorbearing mice the production of hyperpolarized [1,4-13 C 2 ]malate can be detected in real time. In treated cells undergoing druginduced cell death there was a 19-fold increase in the rate constant describing flux of fumarate to malate. Spectroscopic measurements in tumors at Ϸ24 h after drug treatment showed a 2.4-fold increase in the rate of malate production compared with untreated controls, which was confirmed by imaging studies. Production of malate was heterogeneous within the tumor, and some malate production was also observed outside the tumor boundary, as defined by the corresponding 1 H MR image. This malate outside of the tumor may reflect loss of tumor fumarase into the extracellular space of the surrounding tissue or leakage of labeled malate into this region. Furthermore, some areas of the tumor showed only a low fumarate signal, despite the presence of significant labeled malate production. This low fumarate signal may be caused by variations in tissue perfusion and rapid fumarate consumption: highly necrotic areas are likely to have poor perfusion and high extracellular fumarase activity, which may rapidly convert the small amount of fumarate present to malate.
The much larger treatment response observed in vitro compared with the tumors in vivo likely reflects the pharmacodynamics of the drug: the tumor cells in vivo are exposed to lower concentrations of the drug for a shorter period. Also, it is likely that variations in drug delivery could explain the significant heterogeneity in response within the tumor compared with the relatively homogeneous response to the drug observed in vitro.
Succinate could also be formed from fumarate in the reaction catalyzed by succinate dehydrogenase; however, this was not observed in these studies. Fumarase exists as both cytosolic and mitochondrial isoforms and the relative activity of these two isoforms can vary markedly between tissues and between species (30, 31). The increase in labeled malate production in treated tumors cannot be explained by changes in fumarase activity, because a decrease in enzyme activity was observed in extracts of treated tumors. The decrease in fumarase activity corresponded closely to the decrease in MDH activity, suggesting that it might simply be caused by leakage of the enzymes from necrotic cells. However, the increase in labeled malate production can be explained by increased access of fumarate to the enzyme. When the plasma membrane permeability barrier was removed by the onset of necrosis in isolated lymphoma cells, there was a marked increase in the rate of hyperpolarized [1,4-13 C 2 ]malate production and this rate correlated with the extent of necrosis (Fig. 2B) . Fumarate is transported across the plasma membrane by the sodium-dependent dicarboxylate acid transporter, which also transports succinate (15) (16) (17) (18) (19) (20) ; fumarate transport across the mitochondrial membrane occurs in exchange for malate, inorganic phosphate, or aspartate (32) . Consistent with the hypothesis that necrosis mediates increased hyperpolarized [1,4-13 C 2 ]malate production, the presence of succinate had no effect on the rate of label flux between fumarate and malate when it was coadministered with the hyperpolarized [1,4-13 C 2 ]fumarate to tumor cell suspensions.
Several factors make the fumarase reaction suitable as an in vivo biomarker of tissue necrosis: first, no coenzymes or cosubstrates (other than water) are required for the reaction, so therefore even during cell death the enzyme will continue to function; second, the equilibrium constant for the reaction is Ϸ4, which favors the formation of malate (33) , and third, fumarase is exclusively intracellular.
It seems likely that necrosis is also responsible for the increased production of malate after drug treatment in vivo. The plasma membrane may become permeable to small molecules, such as fumarate, allowing the hyperpolarized fumarate to bypass the plasma membrane transporter. Alternatively, fumarase may be released into the tumor interstitium, where it may bind to the extracellular matrix or remain transiently because of poor tissue perfusion. Increased malate production could also be caused by mitochondrial membrane rupture, which occurs before plasma membrane damage after the onset of necrosis and would release the enzyme into the cytosol. However, the fact that coadministration of succinate did not inhibit the rate of malate production in cell suspensions suggests that it is not the major mechanism.
Previous histological analysis of tumor sections in this tumor model have shown that etoposide treatment typically results in an increase in the combined apoptotic and necrotic cell fraction from Ϸ5% in control tumors to Ϸ30% at 24 h after drug treatment (14, 34) ; however, it is difficult to distinguish between apoptotic and necrotic cells in these sections. The 2.4-fold increase in fumarate-malate flux that was observed here in drug-treated tumors is consistent with this finding and suggests that a significant proportion of this 30% represents necrosis. Although diffusion-weighted MRI measures loss of cellularity, the downstream consequence of necrosis, previous work in this tumor model has shown that there are only relatively small changes in diffusion-weighted MRI 24 h after treatment: the apparent diffusion coefficient of water increases Ϸ20% (35) .
Differentiating apoptosis from necrosis by using an imaging probe is difficult. Detection of apoptosis in vivo has largely relied on the externalization of phosphatidylserine (PS) from the inner to the outer leaflet of the plasma membrane bilayer, where it can be bound by an appropriately labeled imaging probe (36, 37) . However, necrosis also results in PS in the inner leaflet becoming accessible to these agents (4); therefore, imaging probes that target PS usually measure both necrosis and apoptosis. There is a growing appreciation of the role of nonapoptotic and caspaseindependent mechanisms in treatment response (5, 38) . Necrosis can be induced by anticancer drugs, such as DNA-alkylating agents, and some human chemotherapeutic drugs have been shown to produce a larger degree of necrosis than apoptosis and this necrotic cell death may be associated with better survival (5, 39) . Furthermore, because necrosis can lead to inflammation, and a sustained inflammatory response can stimulate tumor development, there is indirect evidence for a role of necrosis in tumor development (5) .
In conclusion, we have demonstrated a positive contrast agent for detecting tumor cell necrosis in vivo by measuring the production of malate from hyperpolarized 13 C-labeled fumarate. Preliminary measurements with a human breast tumor cell line have shown that the technique produces similar results in another tumor type (29) . Potentially, this could be used in conjunction with measurements of pyruvate-lactate flux to probe two stages of cell death as a measure of treatment response. It may also have applications in other diseases where necrosis is a pathological feature such as inflammation, infection, or ischemia (4). The clinical potential of the technique is supported by the fact that fumarate is already used as a counter ion in a number of drug preparations and oral fumarate esters are used in the treatment of psoriasis and multiple sclerosis (40, 41) . The first in-human trials of DNP are due to take place within the next year (42) .
Materials and Methods
Polarization of Fumaric Acid. All chemicals were obtained from Sigma/Aldrich unless stated otherwise. [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumaric acid (3.23 mmol; Cambridge Isotope Laboratories) was dissolved in 8.74 mmol of DMSO containing 11.48 mol of a trityl radical (AH111501; GE Healthcare) and 0.48 mol of a gadolinium chelate [Gd-3; GE Healthcare (11)]. The solution was sonicated and centrifuged, and a 40 mg aliquot was hyperpolarized by using a method similar to that described (8, 10) . Briefly, the sample was cooled to Ϸ1.2 K while irradiated with microwaves at 93.975 GHz and 100 mW for 1 h and then dissolved in 6 mL of buffer containing 40 mM phosphate, 50 mM sodium chloride, and 40 mM sodium hydroxide, pH 7.4 at 10 bar and 180°C. The resulting solution contained 20 mM [1,4-13 C2]fumarate, which was then cooled to Ϸ37°C before injection into either a cell suspension or i.v. into a tumor-bearing animal. The level of polarization was determined by comparing the signal intensity from the hyperpolarized sample to that observed at thermal equilibrium (12) .
Cell Experiments. EL-4 murine lymphoma cells were grown in RPMI medium 1640 (Invitrogen) supplemented with 10% FCS (PAA Laboratories), 100 units/mL penicillin, and 100 g/mL streptomycin (Invitrogen). Cells (Ϸ5 ϫ 10 7 ) were washed once in medium at 37°C and then resuspended in 2 mL of the same medium before transfer to a 10-mm NMR tube. The tube was placed in a broadband probe (Varian) tuned to 101 MHz, in a vertical wide-bore (8.9 cm) Oxford Instruments magnet (9.4 T) interfaced to a Varian INOVA spectrometer. The sample temperature was 37°C, and 2 mL of the hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumarate solution was injected via a fine bore tube; the final concentration of fumarate was therefore 10 mM. 13 C spectra were acquired with proton-decoupling and low flip-angle RF pulses (14°): 2-s pulse width; 2-s repetition time; 4-kHz spectral width collected into 2,040 data points; 5-Hz exponential line broadening.
The area under each peak was used to calculate the concentrations of labeled metabolites. [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumarate produces a single peak, whereas [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]malate gives two resonances, because the carbons are inequivalent (Fig.  1 ). These were combined to produce a single intensity measurement, which assumes that the 13 C at C1 and C4 has similar T1 relaxation times. The signal intensities were fitted to a two-site exchange model to obtain a rate constant describing flux of hyperpolarized 13 C label between fumarate and malate. kF is the apparent rate constant for the conversion of fumarate to malate, and kM is the apparent rate constant for the reverse reaction. These are apparent rate constants because they not only describe flux in the fumarase-catalyzed reaction but also substrate transport across the plasma and mitochondrial membranes. The decay of hyperpolarization in fumarate and malate is described by the time constants TF and TM, respectively. For the purposes of comparison, the data were plotted as the hyperpolarized 13 C-labeled malate signal divided by the total hyperpolarized 13 C-labeled signal over time (Ϯ SD). The rate of malate production was calculated from the initial slope of this curve (Fig. 2) .
For cell experiments involving coadministration of 50 mM sodium succinate (at pH 7.5), the succinate was added simultaneously with the labeled fumarate. At the end of each experiment, the cells were counted with a hemocytometer, and cell viability was assessed by using trypan blue (0.4%, in 0.81% sodium chloride and 0.06% potassium phosphate). Drug-treated cells were incubated with 15 M etoposide (Eposin , 20 mg/mL; PCH Pharmachemie) for between 14 and 16 h before the NMR experiment. Lysed cell extracts were prepared by freeze-thawing the cells twice before returning them to 37°C.
Tumor Experiments. Tumors were grown by implanting Ϸ5 ϫ 10 6 EL-4 cells s.c. into female C57BL/6 mice and imaged 9 days after cell implantation. All procedures were carried out in accordance with the Animals (Scientific Procedures) Act of 1986 (U.K.) and were designed with reference to the U.K. Coordinating Committee on Cancer Research Guidelines for the Welfare of Animals in Experimental Neoplasia. 13 C spectra were acquired at 2.35 T (Bruker Biospec Avance II) by using a 20-mm diameter surface coil placed around the tumor. Animals were anesthetized with 2% isoflurane and a 1:1 mixture of N 2O and O2. Breathing rate and body temperature were monitored throughout the experiments (SA Instruments). Hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumarate (200 L) was injected i.v. via a tail vein catheter over a period of 6 s. Slice-selective free induction decays were acquired with a 10°flip angle RF pulse, repetition time (TR) 3 s, 60 repetitions, and slice thickness of 5 mm. On day 10, the mice were injected i.p. with 2 mg of etoposide (300 L diluted 1:2 in saline). At 22-26 h after etoposide treatment, the MR experiments were repeated after another injection of hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumarate. Spectra were analyzed in the time domain by using a java-based MR user interface (jMRUI). Signal amplitudes for [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumarate and the combined signal from [1-13 C]malate and [4-13 C]malate were fitted to a modified two-site exchange model and the apparent exchange rate constants (k F and kM), and the T1 relaxation times (TF and TM) were obtained. The exchange rate constants in vivo will be affected not only by membrane transport but also by the arterial input function, which was incorporated into the model shown below
where k B is the rate of inflow of hyperpolarized fumarate into the tumor during i.v. injection of fumarate (which took place over the first 6 s). This model assumes that only fumarate (and not malate) perfuses into the tumor and that the washout of fumarate and malate from the tumor is negligible. 13 C CSIs were acquired from two 5-mm transverse slices through each tumor 30 s after injection with hyperpolarized [1,4-13 C2]fumarate. The imaging sequence was the same as that used for the spectroscopic measurements, with additional phase-encoding gradients preceding signal acquisition: field of view 35 ϫ 35 mm; elliptical centric k-space acquisition; total acquisition time 5 s. False-color images were produced for each metabolite by using a CSI data matrix of 16 ϫ 16, and the images were zero-filled by using a linear interpolation algorithm but no correction was made for loss of signal caused by T 1 decay. Both the malate and fumarate signals in each voxel were normalized to the voxel containing the maximum malate or fumarate signal in the respective image. To reduce the effects of noise, voxels with signal intensities that were Յ20% of the maximum signal intensity were removed from the image.
Enzyme Assays. Tumors were freeze-clamped for measurements of fumarase and MDH activity. The animals were prepared in an identical way as those used in the MR experiments: 200 L of 20 mM hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]fumarate was injected and after 30 s (which equates to the time point at which the images were acquired), the mice were killed by cervical dislocation, and the tumors and some muscle tissue were freeze-clamped in liquid nitrogen-cooled tongs. Each frozen sample was homogenized in four times its weight of PBS at 4°C and 200 L of this homogenized solution was sonicated (Vibra-Cell; Sonics) on ice for 1 min. After centrifugation for 10 min at 10,000 ϫ g, 120 L of the supernatant was removed for measurement of enzyme activity.
Fumarase activity was assayed spectrophotometrically by measuring the conversion of malate to fumarate from the increase in absorbance at 240 nm (43) . Thirty-three microliters of a 1:10 dilution of tissue extract was added to 100 L of 100 mM sodium phosphate buffer (pH 7.6) containing 50 mM malate; the absorbance change was recorded for 2 min at 25°C. Fumarase activity is expressed as units/g protein, using an extinction coefficient for fumarate of 2.44 cm 2 /mol.
MDH activity was also assayed spectrophotometrically by measuring the oxidation of NADH accompanying the conversion of oxaloacetate to malate (44) . Tissue extract (20 L of a 1:10 dilution) was added to 3 mL of 50 mM phosphate buffer (pH 7.5) containing 50 L of a 10 mg/mL solution of NADH (pH 7.5) and 100 L of a 2 mg/mL solution of oxaloacetate. The decrease in NADH absorbance at 340 nm was measured over a period of 2 min at 37°C. MDH activity is expressed as units/g protein, using an extinction coefficient for NADH of 6.22 cm 2 /mol. Protein content was determined by using bicinchoninic acid and copper (II) sulfate (BCA1; Sigma).
Statistical analyses were performed by using Student's t test and correlation coefficients (Excel , Microsoft).
